Recent works in our laboratory on the direct, catalytic conversion of methane into higher hydrocarbons have been reviewed. The topics reviewed are the oxidative coupling of methane to C2 compounds (C2H6+C2H4), the selective synthesis of C2H4, and the synthesis of aromatic hydrocarbons. Among the metal oxides tested, rare earth metal oxides showed high stability, high C2-selectivity, and high catalytic activities for oxidative coupling of CH4. Kinetic studies on oxidative coupling of CH4 over Sm2O3 suggest that the reaction be initiated by diatomic oxygen species, probably by peroxide ions O 22-. A comparison of the results on the reactions using O2 and N2O as oxidants showed that O2 was a better oxidant for catalytic conversion of CH4 into C2 compounds. Alkali halides, especially LiCl, enhanced the selective synthesis of C2H4 in partial oxidation of CH4 over metal oxides. The effect of LiCl was most marked for the oxides of the first series transition elements. The role of alkali metals of the alkali halides is to create active compound oxides of the alkali metals and the host metal oxides. The role of halides is to supply halogen atoms which catalyze dehydrogenation of C2H6 to C2H4 in the gas phase. The NaCl/Mn-oxide/silicalite catalyzed the synthesis of higher olefins and aromatics directly from CH4. The combination of a coupling catalyst and an aromatization catalyst improved the synthesis of aromatics with relatively high selectivity (>16.3%) and yield (>5.5%).
Introduction
Predicted shortage in the supply of crude oil has given natural gas an important position as an alternative source of hydrocarbons. Prospects are good for maintaining secure, reliable and adequate supplies of natural gas at competitive prices well into the future. Currently natural gas is used principally as a fuel in residential, commercial, and industrial services. Industries are now searching for new or novel ways to enhance the use and value of this methane-containing natural resources.
Natural gas generally occurs in remote areas of Siberia, Western Canada, Australia and Asia; thus, its location and transportation pose a major obstacle in its efficient exploitation. It would be extremely valuable if methane, usually comprising over 90mole% of the hydrocarbon fraction of natural gas, could be converted into more easily handleable or transportable products such as olefins, aromatics, and higher order hydrocarbons that are used as precursor materials in chemical processing.
Besides its major use as an energy source, methane is also used, to some extent, as a chemical raw material. One of the largest nonfuel uses of methane is the production of methanol. An innovative process for producing gasoline and light olefins from methanol was developed by Mobil Corp.1),2) In the Mobil process, methane (or coal) is first converted into synthesis gas which then is converted into methanol by a catalytic process and subsequently into light olefins and higher hydrocarbons using a shape-selective zeolite catalyst . Using methane as a starting carbon source, it is converted into synthesis gas by steam reforming over a nickel catalyst. The steam reforming of methane is a highly endothermic reaction. This paper selects and reviews our current research activities on the following three topics dealing with partial catalytic oxidation of methane (1) to C2 compounds (ethane and ethylene), (2) to ethylene selectively, and (3) to aromatic hydrocarbons.
Oxidative Coupling

Active and Selective Catalysts
Since Keller and Bhasin9) reported the possibility of synthesizing C2 compounds (C2H6+C2H4) by oxidative coupling of methane over metal oxides, many groups10)-25) have begun to work in this area, and there have been increasing industrial activities26) thereon. Keller and Bhasintested large numbers of metal oxides to catalyze methane coupling. To minimize the accompanying gasphase noncatalytic reactions, they carried out the reaction by periodic feeding of air and methane. Oxides of Pb, Sb, Tl, Cd, and Mn were found to be the most active catalysts for the formation of C2 compounds with selectivity of <50%.
However Recent work in our laboratory11),18) has demonstrated that rare earth metal oxides exhibited better catalytic activity and selectivity in the oxidative coupling of methane. Fig. 1 shows catalytic activities (rate per surface area of catalyst) for the formations of C2 compounds (C2H4+C2H6) examined for various rare earth metal oxides, PbO, Bi2O3, SnO2, Ga2O3, GeO2, In2O3, ZnO, CdO, CaO, and MgO (all in powder form) under the experimental conditions shown in the figure caption. All experiments were performed using a fixed-bed reactor with a conventional gas-flow system. Activities of the metal oxides, which have already been reported to be good catalysts for the reaction,9),10) are shown on the right side in Fig. 1 . The products were C2H6, C2H4, CO, CO2, and H2O. The results in Fig. 1 show that the specific activity for the formation of C2 compounds is the highest for Sm2O3. The selectivity to C2H6 and C2H4 calculated on the basis of carbon number of the CH4 reacted for the same experiments in Fig. 1 are plotted in Fig. 2 . Fig. 2 indicates that the oxides giving higher than 70% selectivity to C2 compounds (C2H4+C2H6 denoted by C2) are the rare As mentioned above, Sm2O3 was the most active and selective catalyst among the metal oxides examined under the experimental conditions shown in Fig. 1 . However, conditions such as low oxygen pressure (0.4kPa), high P(CH4):P(O2) ratio used for the catalyst tests were not suitable for evaluating the true catalytic activity of Sm2O3 because the oxygen conversion exceeded 95%. Therefore, the catalytic test of Sm2O3 was performed under higher P(O2), lower P(CH4):P(O2), and higher flow rate than those conditions shown in Fig. 1 . (mostly C2 compounds) at this W/F was fairly high (64%). The C2-STYs and C2-selectivities reported recently for different catalysts are summarized in Table 1 .27) Since the experimental conditions used for testing C2-STYs are so different from each other as can be seen in the table, we cannot compare the true catalytic activity of the catalysts. The C2-STYs listed in Table 1 for the catalysts examined by other researchers must increase greatly when W/F is lowered than the values indicated in column seven. However, at this moment, the C2-STY observed for Sm2O3 is from one to three orders of magnitude greater than the values reported previously.
No appreciable decreases in activity and selectivity were observed for Sm2O3 after 180h of operation at 973K.
Sm2O3 was a very stable catalyst for oxidative conversion of methane. High stability, high C2-selectivity, and high catalytic activity observed for Sm2O3 suggest that this oxide be one of the most promising catalysts for converting natural gas into ethane and ethylene. The catalytic tests performed at low W/Fs for other rare earth metal oxides such as La2O3, Nd2O3, Dy2O3, and Eu2O3 showed that catalytic activities of these oxides were also very high and comparable to the activity of Sm2O3. In general the rare earth metal oxides were stable at high temperatures.
Thus, the use of cheaper oxides La2O3 or Nd2O3 should be of practical advantage in converting methane into C2 compounds.
Kinetic Studies
Kinetic studies on the reaction over Sm2O3 were carried out to see the general features of oxidative coupling of methane catalyzed by metal oxides.18), 19) (1) Temperature Effects Temperature effects on the rates of formation of K. The apparent activation energies calculated from the straight lines for the C2 compounds (C2H6 +C2H4), ethylene, and carbon oxides (CO+ CO2)18) were 135, 173, and 66kJ mol-1, respectively. The higher activation energy for the synthesis of C2 compounds than that for carbon oxides shows that the higher the temperature the better is the selectivity to and the yield of C2 compounds. The highest activation energy for the formation of ethylene indicates that the selectivity to ethylene becomes favorable as temperature increases. Experiments using different hydrocarbons, i.e., CH4, C2H6, and C2H4 as the starting reactants showed that the overall reaction scheme for oxidation of methane at low conversion levels could be as shown in Fig. 5 . The direct synthesis of ethylene (the dotted arrow) was negative. The unexpected observation that the selectivity to C2 compounds became favorable with increasing temperature was also confirmed for all of the rare earth metal oxides in Fig. 1 , for Li/MgO12), for PbO/MgO22), and for K/Bi/Al2O324). This fact implies that a common reaction mechanism is involved in the reactions over these basic metal oxides. The C2-selectivity decreases steadily with increasing oxygen pressure. However, the selectivity which is quite high at low P(O2) attains 100% at P(O2) 0.3kPa. Fig. 7 shows the effect of CH4
pressure. Both the rate and C2-selectivity increased with increasing CH4 pressure. Pressure effects were also examined at 873, 923, and 1,023K. At each temperature, the following rate equation fitted the rate of methane conversion where, k, Km, and K0 are the constants at fixed temperatures.
(3) Reaction Mechanism The above rate equation was well explained by assuming the following reaction mechanism: 19) where, the superscript (*) means excited molecules (vibrational, electronical, or charged) generated on the surface or generated by collision with the surface. The C-H bond breaking (iii) is the ratedetermining step in the overall reaction. Here, it is to be noted that initiation (step iii) is caused not by a monoatomic oxygen but by a diatomic oxygen. The coupling of two CH3 radicals (or alternatively CH3-groups adsorbed) produces ethane (step iv). Deep oxidation takes place through the oxidation of CH3 radicals (or groups) (step v). Reactions iv and v may occur either on the surface of Sm2O3 or in the gas phase near the surface.19),28) Oxidative dehydrogenation of the C2H6 formed gives C2H4 as described in Fig. 5 .
The C2-selectivity is determined by the competition between reactions iv and v. The decrease in the C2-selectivity with increasing P(O2) (Fig. 6) can be ascribed to the increase in the rate of reaction v compared to the rate of reaction iv.
The temperature effect on the selectivity of the products (Fig. 4) indicated that the higher the temperature the better was the selectivity to C2 compounds. Since the abstraction of H from CH4
(reaction iii) requires a large activation energy (149 kJ mol-1),19) the concentration of CH3 radicals (or methyl groups) must increase sharply with the rise in temperature. Note that the rate of reaction iv depends on the square of CH3 concentrations, but the rate of deep oxidation (reaction v) is proportional to CH3 concentration. Thus, acceleration in the rate of C2-formation with temperature is greater than that of deep oxidation. This observation explains the higher C2-selectivity at higher temperatures. 
Oxidative
Coupling of Methane using N2O With certain catalysts and under certain reaction conditions, partial oxidation of methane can be achieved successfully when nitrous oxide is used as the oxygen source. [29] [30] [31] [32] Therefore, we have compared the results of oxidative coupling of methane using O2 and N2O over rare earth metal oxides.33,34) The results at relatively high pressures of the oxidants (P(O2)=P(N2O)=10.5kPa, P(CH4)=48.8kPa) are shown in Figs. 8 and 9 . The conversions of the oxidants in Fig. 8 show that the reactivity of O2 is greater than that of N2O for most of the oxides tested.
As can be seen in Fig. 9 , the selectivity to the coupling products is higher when N2O is used for all the rare earth metal oxides tested. In general, temperatures higher than 873K are required for used as an oxidant. However, when N2O is used, the temperature effect on the selectivity to higher hydrocarbons is not so apparent especially for Pr6O11, Nd2O3, Sm2O3, and Dy2O3 (Fig. 9) . Thus, N2O is a peculiar oxidant causing a selective coupling of methane at temperatures lower than 873K.
The effects of pressure of the oxidants on the rate and selectivity to the products were examined for Sm2O3 at temperature as low as 823 K.34) Although only a trace of ethane was formed at O2-pressure greater than 2kPa, the C2-yield increased sharply when O2 pressure decreased below 0.6kPa.
On the other hand, the rate of formation of C2 compounds was not affected by change in N2O pressure. The maximum yield of C2H6 observed when O2 was used as the oxidant was much greater than when N2O was used. These results indicate that O2 is a better oxidant for the catalytic conversion of methane into C2 compounds.
Detailed kinetic studies on the reaction using N2O as the oxidant suggested that the reaction mechanism be quite different from the case in which O2
was used as the oxidant.34) Decomposition of N2O over Sm2O3 was proposed to be rate-determining.
Oxygen Species Responsible for Activat-
ing Methane Only a few reports on the fundamental work concerning the oxygen species responsible for activating methane over metal oxides are available. Liu et al.30) have demonstrated that surface Oions are the active oxygen for initiating partial oxidation of methane over MoO3/Cab-O-Sil using N2O as an oxidant. Ito et al. 13 ) have suggested the [Li+O-] centers were responsible for abstracting H from CH4 over Li-promoted MgO. As mentioned earlier, the kinetic studies on oxidative coupling of methane suggest that a diatomic oxygen be responsible for the activation of methane (reaction iii). The idea that the oxidation of methane is initiated by diatomic oxygens is generally accepted for gas phase reactions.35),36) The kinetic studies described earlier, however, cannot specify the kind of diatomic oxygen species responsible for the reaction over Sm2O3. The species may perhaps be O2-, O22-, or a chemically adsorbed O2 on the surface.
Lunsford and coworkers37),38) have implied that the active oxygen species over La2O3 may be a superoxide ions O2-.
Recently we have demonstrated that the reactions of CH4 with Na2O2, BaO2, and SrO2 proceed smoothly, yielding C2 compounds with high selectivity at <673K.39) This observation indicates that the peroxide ions O 22-on the surface are very reactive for C-H bond breaking. ESR spectra for the Na2O2 sample used in the experiments showed that the sample contained superoxide O2-ions. However, no correlation between the O2-and activation of methane was observed.39) Therefore, we suggested that the dioxygen species responsible for initiating the abstraction of H from CH4 over Sm2O3 could be O22-
Direct Conversion of Methane to Ethylene
Alkali Halides/Transition
Metal Oxides Ethylene is one of the major raw materials in chemical industry. As described earlier (Fig. 5) , ethylene is formed stepwise from methane to C2H4). Usually, in oxidative coupling of methane, the selectivity to ethylene is relatively low compared to the selectivity to ethane because the ethane is mainly oxidized to CO and CO2 with low selectivity to ethylene. The high C2H4/C2H6 ratio in the C2-products is of great advantage since no further process to convert ethane to ethylene is required. Therefore, catalysts converting methane into ethylene with higher selectivity and yield are strongly desired. Thus, we have looked for catalysts which give ethylene directly from methane with high one-pass conversion and yield.15),16), 17) Enhancing effects of alkali metals on oxidative coupling of methane have been first reported by Hinsen et al.10) for PbO/Al2O3. The promoting effects of alkali metals have also been observed for MgO,12),13),21) Sm2O3,14) ZnO,23) and Bi2O3/ Al2O3.24) Among the alkali salt additives tested, we found lithium chloride exerted the most favorable effect on the reaction over Sm2O3, since it increased not only the yields of C2 compounds but also the ratio of C2H4/C2H6. This favorable effect of LiCl was observed for many other metal oxides (Eu2O3, La2O3, CeO2, MgO, CaO, SiO2, Al2O3, ZrO2, Nb2O5, Ga2O3, GeO2, In2O3, SnO2, PbO, Bi2O3, TiO2, V2O5, Cr2O3, MnO2i Fe2O3, Co3O4, NiO, CuO, and ZnO). Among the oxides tested, however, the enhancing effect of LiCl on the yield of ethylene was most marked for the oxides of the first series transition elements.5),17) Table 2 shows the results observed for the transition metal oxides15) when the reactants were on stream for 20min. The metal oxides without LiCl catalyzed only deep oxidation of methane. However, as can be seen in Table 2 , high C2-yields were observed for the oxides of Ti, Mn, Co, Ni, Cu, and Zn in the presence of LiCl. The C2-yield observed for LiCl/Mn-oxide has been the highest (30.6%) ever reported. The C2-yield for LiCl/Nioxide increased to 28.9% when W/F was increased C2H4-selectivity is shown in the last column of Table 2 . The percentage of ethylene in the C2 compounds produced was greater than 90% for the LiCl-added oxides of Ti, Mn, Co, Ni, and Cu. NaCl and LiBr also exerted similar favorable effects on the C2H4/C2H6 ratio. Table 3 shows the results of ethylene synthesis over the NaCladded (20mol%) Mn-oxides at different pressures of the reactant.40) As can be seen in the table, the main product was ethylene under all conditions tested. It is noteworthy that propylene, butene, benzene, and toluene were also produced. The (30.6%) when the pressure of the reactant was 0.09 atm. STYs of C2 compounds and total hydrocarpressure of the reactant.
As demonstrated above, alkali halide-added transition metal oxides showed high catalytic activity for converting methane directly into ethylene.
However, deactivation of the catalysts was a serious problem. NaCl/Mn-oxide in Table  3 was superior to LiCl/Ni-oxide because the lifetime of the former was much longer than that of the latter.
Regeneration of the used catalyst can easily be performed by adding a new alkali halide. Fig. 10 shows the change in the C2H4/C2H6 ratio with time on stream for the reaction over LiCl (20mol%)/Ni-oxide.
Analysis of the effluent gas indicated the formation of CH3Cl during the reaction.
Relative concentration of CH3Cl are also plotted in Fig. 10 . Similar trends observed for the two curves strongly suggest that the CH3Cl plays an important role in the selective synthesis of ethylene. It is reported that light paraffinic hydrocarbons can be converted into aromatics in the absence of oxygen using the ZSM-5 zeolites ion-exchanged with H+, Ga3+ and Al3+44),45) Thus, we can expect that the combination of two types of catalysts, one for oxidative coupling of methane (coupling catalyst) and the other for oligomerization of the coupled products and for subsequent cyclization to aromatic hydrocarbons (aromatization catalyst), may increase the yields of aromatics directly from methane by passing the mixture of methane and oxygen through the respective catalyst beds.
Deep oxidation of CH4 occurred exclusively when the aromatization catalyst was used alone in the presence of O2. The coupling catalyst mixed with the aromatic catalyst did not give any aromatics either. Therefore, experiments were carried out with the reactant (CH4 and O2) passing through the two catalysts, coupling and aromatization, packed in series in the reactor with some space between the each catalyst bed.46) The results obtained are shown in Fig. 11 . The combinations of Li2CO3/Sm2O3, LiCl/Ni-oxide, and NaCl/Mn-oxide (coupling catalysts) with Ga-ZSM-5 (aromatization catalyst) in such series produced significant amounts of aromatics as had been expected. For all catalyst combinations in Fig.  11 , the selectivity to aromatics was greater than 6%. LiCl/Ni-oxide and NaCl/Mn-oxide with Ga-ZSM-5 (Si/Al=25) gave fairly high selectivities (>16.3%) to and yields (>5.5%) of aromatics. Considerable amounts of light hydrocarbons produced by these coupling catalysts remained unreacted in the effluent gas. Therefore, yields of aromatics can be improved if catalysts having higher catalytic activities for conversion of light hydrocarbons to aromatics could be developed. Moreover, better reactor design and better reaction conditions such as P(CH4)/P(O2) ratio, temperature control of and distance between the each catalyst bed, and flow rate of reactant should also enhance aromatics yields.
Some Concluding Remarks
This paper has covered only one of the approaches by which methane is partially oxidized to higher hydrocarbons. Other important products synthesized directly from methane are methanol and formaldehyde. Detailed information about the past and recent works on this subject is available.5),6),8) Other topics of methane activation and functionalization are also receiving serious considerations.3),4),7) Methane chemistry, based on its ubiquitous and secure supplies, presents great opportunities and challenges for heterogeneous and homogeneous catalysis. 
